. Effects of different exercise modes on mineralization, structure, and biomechanical properties of growing bone. J Appl Physiol 95: 300-307, 2003. First published February 28, 2003 10.1152/japplphysiol.01076.2002Weight bearing during exercise plays an important role in improving the mechanical properties of bone. The effect on bone of non-weight-bearing exercise such as swimming remains controversial. To investigate the effects of exercise mode on growing bone, 29 male Wistar rats (7 wk old) were randomly assigned to a running exercise group (Run, n ϭ 9), a swimming exercise group (Swim, n ϭ 10), or a nonexercise control group (Con, n ϭ 10). During an 8-wk training session (20-60 min/day, 5 days/wk), the Run rats were trained at progressively increasing running speeds (12-22 m/min), and weights attached to the tail of the Swim rats were progressively increased from 0 to 2% of their body weight. The bone mineral density of the proximal tibiae of the Run rats was significantly higher than in the Swim (P Ͻ 0.05). Femoral wet weights of the two exercise groups were significantly higher than in the control group (P Ͻ 0.05). Interestingly, the percent difference between the tissue wet weight and dry weight (water content ratio), which is related to bone mechanical properties, was significantly higher in the tibiae of the Swim rats and the femora of both exercise groups compared with controls (P Ͻ 0.05). Extrinsic as well as intrinsic biomechanical material properties were measured in a threepoint bending test. Bone mechanical properties of the tibiae and femora of rats in the Swim and Run groups were significantly greater than those in the control group (P Ͻ 0.05). In summary, different modes of exercise may benefit bone mechanical properties in different ways. The specific effects of swimming exercise (non-weight-bearing exercise) on bone require further study.
IT IS WELL KNOWN IN THE LITERATURE that mechanical loading plays an important role in bone development (6, 7, 29, 34) . It has been reported that mechanical loading generated by physical activities leads to improvements in skeletal development (8, 21) . In human studies, bone mineral density (BMD) is a common indicator reflecting bone development and bone mechanical properties. Physical activity with weight bearing has been shown to improve BMD (15, 17, 23, 27, 31) . On the other hand, previous studies have reported that non-weight-bearing exercise such as swimming does not have an equivalent beneficial effect on BMD. The BMD in people who have participated in a non-weight-bearing swimming exercise program has been shown to not be significantly different than the BMD in respective control groups (9, 12, 14, 16, 37, 39) .
Because of ethical issues, measurements of bone development in human studies are typically limited to noninvasive radiography or serum bone marker assays. It is difficult to investigate the effects of exercise mode on bone by using these techniques. On the other hand, animal models would be very useful in studying the relationship between exercise mode and bone. There is currently as yet an unmet need to establish an animal model specifically devoted to investigating the effects of exercise with or without mechanical loading on bone.
Direct biomechanical testing is feasible when using animal models and better reflects bone mechanical properties than noninvasive BMD measurements. To our knowledge, there has been only one published study relating the effects of running (weight-bearing) vs. swimming (non-weight-bearing) exercise on bone development (35) . However, bone mechanical properties were not measured in this study. One reason for the paucity of such studies is the difficulty in equalizing the energy expenditure or total work of different modes of exercise. Nevertheless, several studies have investigated the effects of either weight-bearing or non-weight-bearing exercise on bone separately. It has been shown that non-weight-bearing exercises, generally swimming, have a positive influence on bone strength in ovariectomized rats (19) , osteotomized rats (18) , and growing rats (33) . Therefore, there is evidence to suggest that non-weight-bearing exercise (swimming) seems to enhance the mechanical properties of bone under specific conditions, and direct comparison of its effects with those of weight-bearing exercise would be useful.
In the present study, the relative training intensities of two different exercise modes were controlled in an attempt to equalize the energy expenditure between the two training programs. We hypothesized that 1) weight-bearing exercise would lead to significantly greater levels of BMD, compared with non-weightbearing exercise, and 2) non-weight-bearing exercise may have some beneficial influence on the mechanical properties of bone.
MATERIALS AND METHODS

Animals.
Thirty male Wistar rats (3 wk of age) were bred in the Animal Center of National Taiwan University and kept under controlled conditions that included a room temperature of 22 Ϯ 1°C and a 12:12-h light-dark cycle. Animals were fed Purina Laboratory Rodent Diet (PMI, St. Louis, MO; 0.95% calcium) and distilled water ad libitum. The body weight of all animals was measured weekly. The experiment was initiated when the rats reached an age of 7 wk. During the training periods, all the animals were healthy and without infection. One animal was withdrawn from the study because of its unwillingness to run.
Experimental design. Animals were randomly assigned into one of three groups: a weight-bearing running exercise group (Run, n ϭ 9), a non-weight-bearing swimming exercise group (Swim, n ϭ 10), and a nonexercise control group (Con, n ϭ 10).
Exercise training protocol. The training protocol for animals in the Run group was developed in a previously reported study in our laboratory (10) . This protocol was modified according to the ϳ70% maximal O 2 uptake running program for Wistar rats (11, 24) . Animals of the Run group underwent an exercise training program on the treadmill 5 days/wk for 8 wk. In the first week of training, the animals in the Run group ran for 20 min/day at a speed of 12 m/min on the level treadmill (Table 1) . The duration and intensity of the daily exercise session was progressively increased to 60 min at a speed of 22 m/min. The front portion of the lanes of the treadmill was covered with a thick paper to keep the area dark, because rats are more active in darkness. In addition, an electric grid at the rear of the treadmill provided a stimulus for running. An electric stimulus (24-33 volts, 0.4-0.55 amperes) was manually activated on for a period of Ͻ2 s when the animals remained on the electric grid for over 10 s. In the initial 2 wk of the study, the rats in the Run group could easily complete the daily training regimen because of the relatively low intensity of the exercise (12-14 m/min). Most all of the animals were compliant and responded to the increase in training intensity. Only one of the Run rats was withdrawn from the study because of its unwillingness to run.
The animals in the Swim group swam in a large stainless tank filled with water 30 cm in depth and 35 Ϯ 1°C in temperature. The tank was divided into eight equal sections (20 cm width and 40 cm length) by pieces of opaque acrylic. Each animal swam in its own space. Training intensity was varied by increasing the weight attached the animal's tail from 0 to 2% of its body weight. Previous studies used a swimming training protocol with a constant level of weight (2% body wt) attached to the rat's tail (28, 35, 36) . The weight attached to the rat's tail in the present study was varied to be able to match the intensity of exercise with the animals in the group Run and to permit the animals to more easily adapt to the increased intensity of the swimming exercise. The Swim animals trained for 5 days/wk for 8 wk, similar to the Run animals. According to our previous study (10) , the weight gain of growing rats varied with the intensity of the running exercise. Therefore, body weight was also used as an additional indicator to help equalize the energy expenditure and training intensities of the Run and Swim groups. All animals were weighed weekly to make sure that there was no significant difference between the two exercise groups. Under the conditions prescribed above, body weights of the animals in the two exercise groups were in fact matched during the training period.
Bone sample collection and measurement. According to APS's "Guiding Principles in the Care and Use of Animals," all the animals were anesthetized by administration of pentobarbital sodium (50 mg/kg) and euthanized by decapitation 72 h after termination of the training period. The animals were 15 wk of age at this time. The left tibia and femur were harvested. All soft tissues were removed from the bones. The bones were weighed (wet weight), their lengths were measured, and they were wrapped in aluminum foil and kept at Ϫ20°C for future densitometric and biomechanical testing. After completion of biomechanical testing, the fractured bone specimens were dehydrated in 100% alcohol for 48 h, air dried, and weighed (dehydrated dry weight). These weights served as the dry weights of the bone tissues. The percent difference between a bone's wet weight and dehydrated dry weight was computed and reflected the water content ratio of bone tissues.
BMD analysis. The BMD of the tibiae and femora was measured with a Norland XR-26 dual-energy X-ray absorptiometer (DEXA, Fort Atkinson, WI) according to a technique reported in our laboratory's previous work (10) . The bone tissues of all animals were measured by using DEXA's smallsubjects mode. A coefficient of variation of 0.7% was computed from daily measurements of BMD on a lumbar phantom for Ͼ1 yr. Bone tissues were thawed at room temperature before BMD measurement. Each entire left tibia and femur was scanned, and the images were divided into three segments: proximal quarter, distal quarter, and diaphyseal portion. Each area was analyzed separately to capture the variation in cortical and cancellous bone density. This division of the images was done according to that reported in previous studies (5, 10, 20) . All bone tissues were then repackaged in aluminum foil and kept at Ϫ20°C until subsequent biomechanical testing.
Biomechanical three-point bending testing. Mechanical properties of bone tissues were measured in three-point bending in a materials testing system (MTS-858, MTS System, Minneapolis, MN). The span of the two support points was 20 mm, and the deformation rate was 1 mm/min. Loaddeformation curves were transported to a personal computer and acquired by Team 490 software (version 4.10, Nicolet Instrument Technologies, Madison, WI). Sigma Plot 7.0 software (SPSS, Chicago, IL) was used to smooth the load- Intensity for running exercise group (Run) was the speed of the treadmill; intensity for swimming exercise group (Swim) was the load (percentage of body weight) attached to the rat's tail. deformation curve and compute the extrinsic material properties of the bone samples, including the maximal load, ultimate load to failure, energy to maximal load, energy to ultimate load, and linear stiffness. Energies to maximal load and ultimate load were computed as the areas under the load-deforming curves as described in Fig. 1 . Stiffness was computed as the slope of the linear portion of the loaddeformation curve. After testing of the specimens in threepoint bending, the failure sites of all bone specimens were photographed, together with a measurement standard, by a high-resolution digital camera at a standardized distance (Fig. 2) . Cross-sectional parameters were measured from the photographs and used in the calculation of the cross-sectional moment of inertia. The cross-sectional moment of inertia was calculated under the assumption that the cross sections were elliptically shaped (40)
where I is the cross-sectional moment of inertia, a is the width of the cross section in the mediolateral direction, b is the width of the cross section in the anteroposterior direction, and t is the average of the cortical thickness. All of these parameters were obtained by using the image software Image Pro Plus 4.1 for Windows (Media Cybernetics, Silver Spring, MD). The maximal stress, ultimate stress, and elastic modulus (Young's modulus) were calculated by using the following equations (41)
where is ultimate stress, c is the distance from the center of mass (equal to 1 ⁄2b as described above), F is the applied load (N), E is elastic modulus, d is the displacement (mm), and L is the span between the two support points of the bending fixture (mm). In addition, the energies to maximal stress and ultimate stress were also measured by computing the respective areas under the stress-strain curve. Statistical analysis. One-way analysis of variance was used to analyze the weekly body weight changes among the three test groups. To eliminate the body weight-related effects, an analysis of covariance was used to adjust and analyze the mean values of all the experimental data. Pairwise comparisons were made by using the Scheffé's method. All data were expressed as means Ϯ SD, and differences were considered significant if P Ͻ 0.05.
RESULTS
Body weight. During the 8-wk training period, the increase in body weight of both exercise groups was less than the increase in body weight of the control group (Fig. 3) . After the third week of training, the mean body weights of the rats in the Run and Swim groups were significantly less than the weights of the control (Con) animals at each time point (P Ͻ 0.05). The differences in mean body weight between the exercise groups and control group progressively increased during the training period. At the end of training period, the rats in the exercise groups exhibited mean body weights that were 15-16% less than those of the Con rats (P Ͻ 0.05). There were no significant differences in mean body weight between the two exercise groups at all time points during the training period.
BMD measurements. The mean BMD of the proximal tibiae in the Run group rats was significantly greater than the respective mean BMD in the Swim group (P Ͻ 0.05) ( Table 2 ). In addition, the rats in the Run group also exhibited higher mean total tibia BMD and distal Fig. 3 . Change in body weight during the experimental period. *P Ͻ 0.05, control (Con) group had a significantly higher body weight than the 2 exercise groups. Fig. 1 . Loading-deformation curve. Max, value of the maximal load; Ultimate, load value before complete tissue failure; Max energy, energy to maximal load, which was the area under the curve up to the point of maximal load; Ultimate energy, energy to complete tissue failure, which was the total area under the curve. femur BMD, compared with the Swim and Con groups, although these differences were not statistically significant.
Bone weight, geometry, and biomechanical threepoint-bending measurements. The two exercise groups had a higher mean femoral wet weight compared with the controls (P Ͻ 0.05) ( Table 3 ). The mean water content ratio of the tibiae of the Swim animals was significantly greater than the mean water content ratio of the tibiae of the Run animals (P Ͻ 0.05). The mean water content ratio of the femora in the Swim and Run rats was significantly greater than the water content ratio of the control animal femora (P Ͻ 0.05). There were no statistically significant differences in crosssectional area measurements between the test groups.
In the three-point bending testing, the mean maximal load of the tibiae and femora in the two exercise groups tended to be greater than the respective mean maximal load in the control animals ( Table 4) . Statistical analysis showed that the tibiae in the Swim rats exhibited a significantly higher mean maximal load than the tibiae in the Con group (P Ͻ 0.05). On the other hand, the mean ultimate load of the tibiae of the control rats was significantly greater than the mean ultimate load of the tibiae of the Swim animals (P Ͻ 0.05). In the bending energy analysis, the Swim group's tibiae showed the highest mean energy to maximal load compared with the Run and Con groups, although this difference was not significant. The two exercise groups demonstrated higher mean femoral energy to maximal load compared with the controls, and the difference between the Run and Con animal femora was significant (P Ͻ 0.05). In energy to ultimate load, the tibiae and femora of the two exercise groups exhib- Values are means Ϯ SD. Water content ratio: percent difference between tissue wet weight and dry weight; data were computed as (wet weight Ϫ dry weight) Ϭ dry weight ϫ 100%. * Groups Run and Swim were significantly higher than group Con, P Ͻ 0.05; † group Swim was significantly higher than group Run, P Ͻ 0.05.
ited greater values compared with the control group. Further statistical analysis showed that the mean energy to ultimate load in the tibiae of the Run and Swim animals was significantly greater than in the tibiae of the Con rats (P Ͻ 0.05). In addition, the mean energy to ultimate load of the Run group's femora was significantly greater than the controls (P Ͻ 0.05).
In addition to the extrinsic load-deformation parameters, the intrinsic material properties of the tibiae and femora were also obtained in this study (Table 5 ). The two exercise groups exhibited higher mean maximal stress of their tibiae and femora compared with the Con animals. The mean maximal stress of the tibiae of the Swim group was significantly greater than the respective control tibiae, and the mean maximal stress of the femora in both exercise groups was significantly greater than the control femora (P Ͻ 0.05). Similar to the extrinsic analysis, the mean ultimate stress in the tibiae of the Swim group was significantly lower than the mean ultimate stress of the Run and the Con tibiae, whereas the mean ultimate stress of the Run group's femora was significantly greater than in the control femora (P Ͻ 0.05). The mean Young's modulus of the Run tibiae and Swim femora were significantly greater than the mean Young's modulus of the Con animals (P Ͻ 0.05). The energies to maximal stress and ultimate stress were greater in both exercise groups than in the control group, with the difference between the femora of the Run and Con groups being significant (P Ͻ 0.05).
DISCUSSION
The purpose of this experiment was to investigate the effects of exercise with or without weight bearing on the mineral and mechanical properties of growing bone. Only rats subjected to the running exercise protocol exhibited a higher site-specific BMD compared with the swimming and control groups. However, both running and swimming resulted in increased long bone biomechanical properties compared with controls. Values are means Ϯ SD. * Group Swim was significantly higher than group Con, P Ͻ 0.05; † group Con was significantly higher than group Swim, P Ͻ 0.05; ‡ group Run was significantly higher than group Con, P Ͻ 0.05; § groups Run and Swim were significantly higher than group Con, P Ͻ 0.05. Values are means Ϯ SD. * Group Swim was significantly higher than group Con, P Ͻ 0.05; † groups Run and Swim were significantly higher than group Con, P Ͻ 0.05; ‡ group Swim was significantly lower than groups Run and Con, P Ͻ 0.05; § group Run was significantly higher than group Con, P Ͻ 0.05.
Our exercise-training regimen reduced the weight gains of the animals compared with the nonexercised controls, similar to that reported in the literature (2, 3, 10, 11, 24) . Our training protocols were based on previous studies and used body weight as an additional indicator for monitoring and adjusting the training intensity of the Swim group to match that of the Run group (10) . By doing this, we made body weights of the two exercise groups equivalent during the training period. In physiological terms, it is well known that similar body weight does not necessarily mean similar energy metabolism and body composition. Nevertheless, the possible differences between the two exercise groups should be the exercise mode and training intensity under our experimental conditions. Our previous work showed that different endurance training intensity levels would lead to different changes in body weight (10) . Therefore, it is reasonable to speculate that our running and swimming training protocols resulted in similar energy metabolic rates, making comparisons between the two exercise groups feasible.
In the BMD analysis, the highest levels of BMD were found in the proximal tibia and distal femur of the Run rats. In addition, the Run animals exhibited higher levels of total tibia BMD than the animals in the Swim and Con groups, although these comparisons were not significant. Similar to studies in the human (13, 25, 38) , the higher BMD in the knee would be due to the site-specific effects of the weight-bearing exercise. On the other hand, swimming exercise, because of its nonweight-bearing mode, showed the lowest BMD value in the proximal tibia and distal femur but not significantly lower than animals in the control group. This phenomenon was also similar to that previously reported in human studies in which the BMD in swimmers and other exercise participants was compared (9, 12, 14, 16, 37, 39) . DEXA measurement has become a major tool of osteoporosis risk assessment. However, DEXA measurements do not take bone size (such as the cross-sectional area) into account, which is an independent and important determinant of the bone compression strength (1, 4, 26) . Therefore, measurements of extrinsic and intrinsic biomechanical properties would be more useful for further understanding the adaptation of bone to exercise training.
In the present study, the two exercise groups exhibited superior bone mechanical properties compared with the control animals. The tibiae of the Run and Swim animals demonstrated increased maximal load and energy to ultimate load. Interestingly, these two biomechanical parameters were the highest (significantly) in the Swim group. The Run group's high maximal load and energy to ultimate load might be the result of the greater BMD induced by weight bearing in the proximal, diaphyseal, and total tibia. However, swimming exercise might lead to improved bone mechanical properties through a pathway other than increasing the BMD. As showed in Table 3 , the Swim group animals showed the highest water content ratio in tibiae. Although the exact role of water content in bone tissue is not fully understood, its contribution to stabilizing collagen (22, 32) might exert an influence on the mechanical properties of bone. In addition, in vitro studies have show that hydration level of bone greatly influences its biomechanical properties (30, 42) . On the other hand, improved mechanical properties may be due, in part, to geometric factors. Although the Swim animals' tibiae exhibited the highest maximal load of the three test groups, the Swim group's tibiae also demonstrated the lowest ultimate load. Having the significantly highest energy to ultimate load seems to imply that the Swim group's tibiae sustained more deformation or strain before failure. Further studies should be undertaken to determine whether this phenomenon is caused by the high water content ratio or some other factors associated with swimming exercise. The rats in the Run and Swim groups similarly showed a higher energy to maximal load and ultimate load compared with animals in the control group, although significant differences only occurred between the Run and Con groups. As suggested above, a significantly greater water content ratio in both exercise groups seemed to be related to superior mechanical properties.
In addition to water content ratio, several differences in cross-sectional parameters may have affected, in part, the extrinsic load-deformation properties. The cross-sectional parameters measured in this study were not significantly different among the three test groups. However, these geometric parameters seemed to advantageously affect the Swim group's load-deformation properties. After computation of the respective stress-strain data, the Swim group's mean level of maximal stress was modified and no longer statistically the highest. Interestingly, the Swim group still showed the lowest mean value of ultimate stress, significantly lower than the Run and Con groups. Further study would be valuable to investigate this particular adaptation. The femora in the Run group consistently exhibited the highest intrinsic and extrinsic biomechanical parameters. The femora in the Swim group also showed improved intrinsic mechanical properties, compared with the controls, although significance was not always achieved. In addition, the two exercise groups demonstrated a higher mean Young's modulus. Both swimming and running exercise protocols seemed to benefit intrinsic and extrinsic bone mechanical properties. Moreover, swimming and running training, respectively, benefited more on rats' tibiae and femur. According to the exercise specific, different exercise modes would generate different loading or strain on bone, which may cause site-specific adaptations (Swim's tibia and Run's femur) to occur.
Several previously reported studies involving rat models have demonstrated that training with swimming improved bone strength (18, 19, 33) . Only one study compared the relative effects of running and swimming exercises on bone (35) , but examination of bone mechanical properties was not included. To the best of our knowledge, this present study is the first to report the relative effects of weight-bearing and nonweight-bearing exercises on bone mechanical properties. The increase in some bone mechanical properties with swimming does not mean that non-weight-bearing exercise would improve all bone mechanical properties more than weight-bearing exercise. However, contrary to traditional attitudes, this study demonstrated that there were positive effects of non-weightbearing exercise on some bone mechanical properties. Further studies are needed to investigate the effects of muscle contraction and systemic activation (e.g., growth hormone-insulin like growth factors pathway) on bone strength. Moreover, exercise might benefit bone mechanical properties by changing the composition of the bone (e.g., water content ratio, collagen formation) in addition to the bone mineral density.
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